The hydrolysis of niobates in aqueous solutions has been applied to the coprecipitation of PbNb2/3Mgl/303 leading to a low temperature synthesis of this ferroelectric relaxor ceramic. The effect of hydrolysis conditions -such as the concentration of bases and acids used, their rates of addition and the nature of the precursors salts -is described. The perovskite phase appears after heating at 350~ and is obtained as a pure phase at 800~ after heat treatment for 1 h. Relaxor ferroelectric ceramics with a high dielectric constant can be obtained by sintering at 1000 ~ The process has been also applied to the synthesis of other relaxor ceramic compositions such as PZN (PbNb2/3Znl/303) and PFN (PbNbl/2Fel/203) compounds.
Introduction
Lead magnesium niobate PbNb2/3Mgl/30 3 (PMN), is a relaxor ferroelectric with a perovskite structure whose high dielectric constant and large electrostrictive coefficient allow interestingapplications in the field of capacitors and actuators, respectively. However, its dielectric properties are very sensitive to the processing conditions of the ceramic. In the conventional calcination process using a mixture of oxide precursors [1] , pyrochlore phases initially form at a low temperature (T ~ 600~ Two of these phases, 3PbO-1Nb20 5 (P3 N) and 2PbO-1NbzOs(P2N), lead upon reaction with magnesium oxide and lead oxide to the formation of pure PMN around 860 ~ and 800 ~ respectively. However, a third pyrochlore structure, 3PbO-2NbzOs (P3N2), also appears and its presence degrades the dielectric proPerties of the ceramics. This parasitic phase irreversibly forms at higher temperatures due to the loss of PbO.
The crystallization temperature of the perovskite structure can be decreased by using more-reactive precursors which allow a strong reduction in the formation of the deleterious P3N2 phase. This has been achieved in a two-step process, described by Swartz and Shrout [2] , in which columbite MgNb20 6 is first prepared and then reacted at 800 ~ with lead oxide:
MgO + NbzO 5 3PbO + MgNbzO6 The poor reactivity of MgO is usually overcome by using a slight excess of MgO to decrease the amount of the residual parasitic pyrochlore phase [3] . In fact
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Goo et al. [-4] have shown that, after the first reaction step which occurs at the eutectic temperature of the PbO-NbzO 5 system and yields the Pb3Nb20 s (P3N) pyrochlore structure, MgO is embedded in a PbO-rich amorphous material which makes the final reaction leading to the pure PMN perovskite MgO + Pb3Nb20 s --* 3PbNbz/3Mgl/303 difficult. Therefore, a better dispersion of MgO allows a higher reactivity. It has also been proposed that an excess o'f PbO could improve the physical properties of these ceramics through reaction and sintering assisted by the presence of a PbO-rich liquid phase [5] . However, in the case of the columbite-precursor method, the excess PbO usually remains at the grain boundaries and causes a decrease of the dielectric constant proportional to its amount [4] .
The processing of other relaxor ferroelectric ceramics such as PbNbz/3Znl/303 (PZN) and PbNbl/2 Fel/20 3 (PFN) is also a formidable difficulty, as the parasitic pyrochlore phase (P3N2) is formed even more easily. This has been explained on the basis of thermodynamic parameters, such as the ionic radii and the electronegativity, by Halliyal et al. [6] .
For all these relaxor ferroelectric ceramics, it is not clear why the pyrochlore phase forms first or whether the presence of residual pyrochlore phases, such as P3N 2 or P3N, at higher temperatures is due to a kinetic or to a thermodynamic effect. These questions remain open.
Optimized dispersion of the precursors can be more easily achieved through the use of solution techniques. The first experiments in this direction were mainly realized using alkoxide precursors [7] . However, the high cost and the difficulty of handling the niobium alkoxides make such processes useless for the synthesis of bulk ceramics whose applications to capacitors yield a low added value. Such precursors are more suitable for thin-and thick-film synthesis [8] . More versatile niobium precursors such as oxalates [9] or citrates [10] have also been used, but their processing is difficult because of large, exothermic, weight losses associated with the calcination of organics.
This paper describes the preparation of PMN powders using cheap water solutions of soluble salts such as potassium orthoniobate (KaNbO4), and nitrates or acetates of lead and magnesium. Niobium aqueous species are poorly soluble in water at a pH below 7, whereas magnesium and lead hydroxides precipitate above pH 9.5 and 5.5, respectively. The principle of our process therefore consists in mixing a basic solution (in which the niobate species are soluble) with an acidic solution (in which lead and magnesium salts are soluble). The precursor solutions have been adapted to yield, upon mixing, a solution of intermediate pH (around 11.0) which allows the coprecipitation of different combinations of the cations. The crystallization sequence of the various structural phases is then described. The powders have been used to prepare PMN ceramics with sintering temperatures as low as 1000 ~ and their dielectric responses are discussed.
In an analysis of the literature, we found previous works were interested in the synthesis of lead niobates from aqueous solutions. These methods were based on potassium metaniobates or orthoniobates [11] or on K2Nb2F7 solutions [12] . But these works have been limited to the analysis of phases formed in the Pb-Nb systems at relatively low salt concentrations and upon slow addition of the solutions. For the purpose of application to ceramics, our work has been performed at higher concentrations. In order to achieve the best Mg-Pb-Nb homogeneity, it is also necessary to mix the constituents rapidly by vigorous stirring (except when titrating). Indeed, slow addition usually leads to the phase separation of constituents having very different chemical behaviours [13] .
Titration of the niobium solution with an acid
It is known from the literature that K3NbO 4 hydrolyses in water following the reaction [14] 6K3NbO4 Starting from a high pH value (pH = 13.9), the OH-ions are first titrated, and then the hexaniobate species precipitate into a niobic acid form (NbzOs.nHzO) in a two-step process. The first of these two steps may correspond to the pre9ipitation of an acid potassium hexaniobate salt, such as K4H4Nb6019 , that transforms into niobic acid upon further addition of HNO 3. Thus, no precipitation occurs until the pH decreases to 11, and a final pH as lowas 5 is necessary to precipitate niobic acid and avoid contamination with potassium. Titration of the orthoniobate by lead nitrate yields a similar result although no distinguishable step is observed for the precipitation of Pb(OH)e. The amount of lead nitrate solution necessary to titrate the niobate is in slight excess of the expected 3/2 ratio (Fig. lb) . This is due to the fact that the precipitation of lead nitrate by a hydroxide solution does not lead to the formation of pure lead hydroxide but tO an approximate Pb(NO3)2-3Pb(OH)2 composition [15] . In other words, not all the lead acts as an acid towards OHand hexaniobate species since some lead is precipitated with its nitrate counterion according to
This is "demonstrated by the titration curve of lead nitrate by KOH (Fig. 2) . Upon hydroxide addition, immediate precipitation is observed and there is a first neutralization point at OH/Pb = 1/2. From the literature, the Pb 2+ aqueous ion is hydrolysed (when 2. Preparation of PbNb2/3Mgl/303 powders and ceramics
Preparation and characterization of the solutions
The lead and magnesium solutions were prepared by dissolving commercial nitrate powders (Prolabo) of the respective elements in water. K3NbO 4 was chosen as the water-soluble niobate compound. It is synthesized from a mixture of K2CO 3 and NbzOs, weighted in an appropriate ratio, which was first ball milled with ethanol for 2 h and reacted at 740 ~ for 48 h. It is important that the reaction is thoroughly completed, in order to eliminate any residual carbonate ions in the water solution after dissolution. K3NbO 4 is easily dissolved in water up to a concentration of 0.3 M niobium. Only 2% of the total weight is insoluble and the X-ray pattern of this residue confirms that it contains insoluble KNbO 3 (potassium metaniobate). increasing the pH) in the form of the tetrameric Pb4(OH)44+ complex [16] . Our titration curve indicates that the lead tetrameric complex is rapidly neutralized by the nitrate counterions and that a precipitation of the basic nitrate salt Pb4(OH)4(NO3) 4 occurs. Indeed, centrifugation of the precipitate obtained at this first neutralization point removes all the lead from the solution. Upon further addition of KOH, the solid precipitate transforms upon anion exchange with the solution of OH-for NO3 into Pb4(OH)6+x(NO3)2_x. But, the substitution may not go to completion: In our titration, the end-point of the titration corresponds to OH-/Pb = 1.70 (i.e. x = 1.2). This titration curve explains the presence of a large amount of nitrates in the precipitate of lead hydroxide as already reported [15] . A titration of the K3NbO 4 solution by a solution of Mg(NO3)2 has also been performed. But, the endpoint of the titration is masked by the dissociation of Mg(OH)2 which acts as a buffer at pH 10.6 (Fig. lc) . This indicates that, when the three elements (lead, magnesium, niobium) are used, the final precipitation pH should not decrease below this value of 10.6 in order to avoid a loss of magnesium.
Thus, upon mixing the niobium, magnesium and lead solutions one expects a mixture of hydroxides and niobates. However, the amount of lead and magnesium corresponding to the PMN composition can only be precipitated with four basic equivalents for each niobium (that is, the composition Pbl.sNblMgo. 5 corresponds to 2(1.5 + 0.5) = 4 equivalents/Nb). Since the potassium orthoniobate corresponds to three basic equivalents, at least one KOH group for each niobium has to be added, theoretically, to the hexaniobate solution before mixing with the acid solution of nitrates. But, Mg(OH)2 is soluble and dissociates in water (pK b = 11.1). It is therefore necessary to maintain a final pH which is high enough to precipitate Mg(OH)2. On the other hand, niobate species do not precipitate at a pH which is too high. The optimum amount of added KOH has to be determined experimentally.
The experiment is as follows: 18 ml of a solution containing the appropriate amounts of both lead and magnesium nitrates corresponding to a ratio Pb/Mg = 3, ([Pb] = 0.5 M for synthesis of PMN) are rapidly added to 20ml of a niobium solution (K3NbO 4 = 0.3 M, with the necessary amount of KOH added). The precipitation readily occurs. The precipitates are filtered, and the remaining solutions are titrated for niobium (using the precipitation method with HNO3, as described above). When the final pH is 14, 35% of niobium remains in the solution but only 1.5% is lost at pH of 11.5. No niobium is lost at a final pH of 10.5; but, at this pH, some magnesium is lost in the solution.
Moreover, a large amount of potassium and nitrate ions are found in the precipitate. Their concentration is'reported in Fig. 3 as a function of the KOH/Nb ratio. Their quantities are far too high to be attributed only to adsorbed species. A better understanding of the presence of these elements comes from the above discussion. A major part of the nitrate was precipitated as the lead counterion whereas potassium was trapped in an acid potassium niobate. These impurities can still be removed upon washing the precipitate with distilled water. However, some magnesium hydroxide may also be lost and the washing is performed by redispersing the precipitate in 100 ml of distilled water and filtering again. This removes the major part of potassium and nitrate as shown in Fig. 3 . An alternative method is to rinse the precipitate with a basic solution ([NH~OH] = 1 M) that does not dissolve Mg(OH)2. As will be shown below, the potassium impurity plays a major role in the crystallization and sintering of the PMN perovskite.
The amount of KOH to be added is finally adjusted to a molar ratio of KOH/Nb = 0.6 in order to obtain a final pH of 11 after precipitation. This amount of KOH corresponds to less than one OH per niobium. As explained above, in the case of lead-niobate titration, this is attributed to the precipitation of nitratecontaining lead hydroxide and the formation of some residual carbonates. After the washing treatment, chemical analysis yields a composition which corresponds to the PMN stoichiometry. Fig. 4 shows the differential thermal analysis (DTA) and thermogravimetric analysis (TGA) performed on a precipitate corresponding to the exact PMN composition. The weight losses are all associated with endothermic peaks. The weight losses occurring between 200 ~ and 450 ~ are associated with the loss of adsorbed water and constitution water coming from the dehydration of metal-hydroxide groups and to the calcination of hydroxides (and also to some traces of carbonates and nitrates) which all decompose below 450 ~ The progressive crystallization of the material has been followed by X-ray diffraction (XRD) at different temperatures with samples heat treated for 30 min at the desired temperature (Fig~ 5). For the as-dried precipitate, a peak characteristic of an amorphous material is superposed on weak peaks corresponding to traces of Pb3(OH)2(CO3) 2. For powders heat treated at 350 ~ i.e. after the main weight loss, the X-ray pattern is characteristic of the pyroehlore phase P3 N already associated with a small amount of the perovskite phase. The percentage of perovskite phase progressively increases until well crystallized, pure, PMN perovskite is obtained at 800 ~ Depending on the washing conditions, after the final heat treatment at 800 ~ a small amount of impurities may be obtained which consist of either a pyrochlore phase or lead oxide (3% from the X-ray intensities). But these two impurity phases are never obtained simultaneously. Thorough washing with a solution of ammoniac hydroxide leads to a pyrochlore impurity, whereas in precipitates that have not been washed from the potassium impurity or that have been washed with distilled water the PbO phase is observed. This is related to slightly different homogeneities in the precipitate which will be addressed in a future work. One hypothesis is that, due to the presence of residual potassium (3% from the chemical analysis), a solid solution forms between the two perovskite structures KNbO 3 and PMN, leaving unreacted MgO and PbO. However, we have not observed a change in the cell parameters of the PMN perovskite that would clearly indicate a potassium substitution for lead. In the following, we have preferred the methods yielding small amounts of PbO as the final impurity since this compound acts as a sintering aid.
Thermal treatment

Sintering
Heat treatment at 800 ~ for 0.5 h results in PMN powders composed of grains with a narrow distribution of sizes centred around 2 ktm, as shown in Fig. 6 . The powders were dried at 150 ~ and then pressed into pellets under a pressure of 10 MPa. Finally, the material was sintered at 1000 ~ or at a higher temperature. Fig. 7 shows the dielectric behaviour measured at 1 kHz as a function of temperature for a ceramic obtained after sintering at 1050 ~ for 1 h. The temperature behaviour of the dielectric constant and the dielectric loss is typical of the relaxor ferroelectric. A maximum in the dielectric constant of 15 000 is obtained at 250 K. The effect of potassium impurities is drastic, as observed in ceramics obtained under the same conditions but without washing of the residual A   100  90  80  70  60  50  40  30  20  10   0 ,,, potassium. The low dielectric constant is attributed to the presence of potassium at the grain boundaries of the structure. However, the presence of potassium also affects the temperature of the maximum dielectric constant. This may be attributed to some potassium entering the perovskite structure. A study of the KNbO3-PMN phase diagram should be necessary to verify this hypothesis.
Preparation and characterization of other niobate-containing powders
This aqueous process is quite general and can be applied in principle to the preparation of any niobatecontaining powders as long as it is possible to find water-soluble species of the constitutive elements.
PbNb2/3Znl/30 3 (PZN) powder
The method for the synthesis of the PZN perovskite is identical to the process described for PMN except that the magnesium nitrate has been substituted by zinc nitrate. After calcination at 800 ~ for 1 h, a wellcrystallized PZN phase is obtained (Fig 8a) . The precipitate was washed with a limited amount of distilled water before the calcination and a small amount of the PbO phase was observed as the impurity. This PbO impurity can be easily removed upon washing the calcined powder with a solution of acetic acid, and this is demonstrated by the X-ray pattern of the washed powder (Fig. 8b) . However, its presence in small concentrations helps the sintering of the powder. Using the classical methods, the PZN phase is very difficult to obtain without stabilizers starting from the exact stoichiometry [6] . Therefore, the aqueous-solution technique appears very promising in the synthesis of pure PZN.
PbNbl/2Fel/203 (PFN) powder
In this case, the ratio of niobium to the other cations is different from the two precedent compositions and a larger amount of the KOH base solution should be added in order to obtain a complete precipitation of lead and iron. Good 
Conclusion
A cheap process based on aqueous solutions has been derived for the synthesis of niobates containing powders such as the relaxor ferroelectric perovskites PMN, PZN and PFN. It is based on the coprecipitation of the oxide precursor obtained after mixing a basic niobium solution, prepared by dissolving orthoniobate K3NbO 4 in water, with acidic aqueous solutions of the other cations. The pH of the final solution is an important parameter in the control of the stoichiometry of the composition. Usually, too high a pH causes a loss of niobium and too low a pH causes a loss of magnesium, zinc or iron. Potassium and nitrate ions are also coprecipitated, and the precipitates must be washed before calcination without losing magnesium hydroxide. As a result, a spurious PbO phase (2-3%) is practically always found in the resulting powders. It can be removed upon washing the powders with acetic acid or saved for use as a sintering aid.
During the process, the perovskite phase of PMN, PZN or PFN usually appears at 350 ~ after the main weight loss, together with the P3N pyrochlore phase.
